The performance of a balloon-borne Formvar replicator that measures continuous profiles of cloud microphysical properties is investigated. The replicator measures the small particles (Ͻ100-m diameter) that are undetectable or poorly resolved by aircraft measurements from optical imaging probes and provides highresolution information on ice crystal shapes.
Introduction
A balloon-borne continuous Formvar replicator was developed for measuring vertical profiles of cloud microphysical properties during the 1991 First ISCCP (International Satellite Cloud Climatology Project) Regional Experiment, Phase II (FIRE-II) Cirrus experiment in Kansas. The replicator has subsequently been improved and deployed during several smaller field experiments in the continental United States. This paper discusses the instrument design, operation, and data characteristics before establishing its collection efficiency.
Presently, most microphysical measurements in ice clouds are acquired from aircraft by either optical im-*The National Center for Atmospheric Research is sponsored by the National Science Foundation. aging probes [e.g., the Particle Measuring Systems (PMS) two-dimensional cloud (2D-C) probes (Heymsfield and Baumgardner 1985) ], or by direct particle collection or replication techniques. Balloon-borne measurements provide a useful complement to the primarily horizontal coverage provided by aircraft. Profiles in the vertical of cloud microphysical properties (e.g., particle size spectra, particle shape and cross-sectional area distributions, and derived properties such as ice water content) are important for validating techniques that retrieve microphysical properties from ground-based or satellite remote sensors, since these sensors often measure either path-integrated or range-resolved properties in the vertical. Information in the vertical is also needed for developing parameterizations of ice cloud microphysical structure and radiative properties for use in numerical models, since cloud properties can vary substantially in the vertical as well as the horizontal. Remote sensor retrievals, cloud parameterizations, and cloud radiative transfer calculations also require information on the difficult-to-measure small particle portion of the ice crystal size distribution (diameters less than 100 m), as well as information on ice crystal habits (shapes). The three VOLUME 
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primary purposes for the development of this replicator were 1) to measure particle sizes smaller than the 50-100-m detection threshold of the PMS 2D-C probes (where ''size'' refers to ''maximum diameter'' in this paper), 2) to acquire continuous vertical profiles (in a Lagrangian sense) of cloud microphysical properties, and 3) to obtain data of sufficient resolution to accurately determine ice crystal habits. Schaefer (1941) developed the Formvar replication technique to capture and preserve detailed features of snowflakes on glass slides coated with a solution of Formvar (polyvinyl formal, a plastic) in ethylene dichloride. Particles falling into the solution are enveloped by the fluid and form a detailed replica of the particle when the solvent evaporates and the Formvar hardens. Several effective combinations of plastics and solvents have been investigated by Takahashi and Fukuta (1988) , each with advantages and disadvantages that depend on the specific application; some combinations are most appropriate for replication at low temperatures, while others are better suited for replication of either droplets or ice crystals (due to water absorption characteristics of the plastic). MacCready and Todd (1964) have summarized many of the common characteristics and problems associated with Formvar replication, in connection with their continuous Formvar replicator designed for use on aircraft. Three of these characteristics that have been observed in our balloon-borne replicator data include the following.
R Flocculation versus coalescence: Flocculation is the clumping together of droplets due to their mobility in the viscous Formvar solution prior to replication; although touching, the droplets do not appear to coalesce, and droplet numbers and sizes are unaffected. However, when ambient droplet concentrations are high enough, droplets may directly impact and coalesce with droplets already on the film. R Blushing: Cooling of the collector surface by rapid evaporation of solvent leads to condensation on the collector; the condensation droplet sizes are typically 1-2 m, smaller, and visually quite distinct from collected cloud particles. R Spurious crystal growth: Similarly, evaporative cooling can lead to growth of small dendritic ice crystals on the collector. These ''artifacts'' are quite distinguishable from natural ice crystals in the atmosphere but can sometimes obscure or reduce the quality of the data.
Replicator data collected on glass slides at ground level, or from aircraft or balloon-borne instruments, have been used qualitatively for many years; however, quantitative use of this data to determine ''true'' (ambient) particle size distributions from the measured size distributions requires some knowledge or assumption about the collection efficiency E c of the instrument, which is the fraction of ambient particles of a given size and habit that impact on the collector. Determination of the E c can be a difficult problem due to the complicated airflow and particle trajectories through whatever sample opening exists in the housing that encloses the collecting surface. Some researchers using aircraft-mounted replicators (MacCready and Todd 1964; Eagan et al. 1974; Hallett 1976 ) have used the theoretical E c calculations given by Langmuir and Blodgett (1946) for particles incident on a circular cylinder, which approximates the shape of their collecting surfaces. Similarly, Yamashita (1969) applied the theoretical E c for simplified flow around an infinite ribbon as given by Ranz and Wong (1952) . Several of these researchers have noted that the theoretical treatments are not strictly applicable to a collector located behind a sampling slot; Averitt and Ruskin (1967) pointed out that the sampling slot adds back pressure that changes droplet trajectories and also reduces the air and droplet velocities at the surface of the film. Spyers-Duran and Braham (1967) made static pressure measurements in a wind tunnel upstream from both their collector and a circular cylinder, and from the similarity of the measurements concluded that application of the Langmuir and Blodgett collection efficiencies was reasonable; however, they noted that an adequately ventilated housing was essential for reducing turbulence and back pressure. Aircraftmounted replicators often use a decelerator to reduce the impact velocities that frequently shatter ice crystals larger than 100 m; Hobbs et al. (1973) noted that use of a decelerator improves the data quality but adds further complexity to the already difficult problem of determining the E c , and they state that such data should only be used qualitatively. Marple and Willeke (1976) give a general review of theoretical and numerical techniques used in the design and collection efficiency assessment of inertial impactors whose design is characterized by an enclosed collecting surface with an incident airstream passing through a sample opening, much like the basic design of the replicator. Their numerical approach realistically treats a complicated flow but does not directly apply to the replicator because the specific design of the replicator frame and its ventilation characteristics will influence the flow field.
Continuous Formvar replication on a balloon-borne instrument was developed by Magono and Tazawa (1966) . Although their study was largely qualitative, they assumed the E c of their replicator was 100% for all particle sizes collected. Murakami and Matsuo (1990) developed a related balloon-borne cloud physics instrument (the hydrometeor video sonde, or HYVIS), which collects particles on a filmstrip then transmits their images to the ground. The E c of the HYVIS was determined in a wind tunnel experiment using a spray of droplets released onto both the HYVIS and a reference 3-mm-wide filmstrip coated with magnesium oxide, where the filmstrip was used to determine the ''true'' size distribution based on the Ranz and Wong (1952) calculations for an infinite ribbon. Their E c de- termination for the HYVIS is sufficiently dissimilar to theoretical calculations for simpler collector shapes to suggest it would be unsatisfactory to use replicator data quantitatively without a defensible collection efficiency analysis, especially for small particle sizes where the E c is low and may vary substantially with particle size.
The performance of the replicator is discussed and evaluated in this paper from two perspectives: qualitative and quantitative. Qualitatively, the design and operation of the replicator is documented in the following section, followed by a discussion of the data characteristics and data processing techniques. Quantitatively, the collection efficiency is determined and uncertainties in the results are discussed. Although the determined collection efficiency is specific to this particular instrument and therefore not directly applicable to other instruments, the approach and general findings are relevant to the design and collection efficiency assessment of other impactor-type particle collection devices.
Replicator design and deployment
The design of our ice crystal replicator (Fig. 1) is similar to that of Magono and Tazawa (1966) . The replicator has an aluminum frame with a continuous loop of transparent 35-mm film pulled by a motor past a sample opening cut into the cardboard box that encloses the instrument. The film is precoated with a 4% solution of Formvar in trichloromethane (chloroform). Trichloromethane is released onto the film just prior to the sample opening during ascent, softening the Formvar so that cloud particles impacting on the film are enveloped in the viscous solution. When the solvent evaporates, detailed Formvar replicas of the particles are preserved. A second and slightly larger opening directly opposite the sample opening provides ventilation and promotes airflow through the box. Trichloromethane is used as the solvent because its low freezing point (Ϫ63.5ЊC) permits replication throughout the troposphere.
Precoating the film with Formvar eliminated problems with direct dispensing of the viscous Formvar solution in flight, such as uneven coating across the width of the film and occasional instrument failure when the dispensing orifice became clogged with dried Formvar. Precoating also allows a thicker layer of Formvar to be applied (estimated to be about 60 m), which may reduce or eliminate ''droplet flattening,'' that results from surface tension of the Formvar solution when the droplet diameter is greater than the thickness of the Formvar layer. Droplet distortion effects in the replicator data are uncertain because it is not known if the solvent softens the full 60-m thickness of the Formvar layer, and the depth of softening may depend on temperature, pressure, and time. MacCready and Todd (1964) experimentally determined calibration curves for the true droplet diameter based on the replica diameter and thickness of the dry Formvar layer (h f ), when Formvar solution is dispensed directly; for a precoated layer, h f would correspond to the (unknown) depth to which the Formvar is softened. They found that the droplet is less than 10% oversized if the replica diameter is twice the Formvar thickness and is a factor of 2 oversized if the replica diameter is 10 times the Formvar thickness.
Operationally, microphysical data are collected during ascent, then the balloon is cut free at a preset pressure level and the instrument descends on a parachute. The replicators are launched with a radiosonde and a transmitter beacon. In addition to the temperature, pressure, and relative humidity (RH) data measured by the radiosonde, loran position coordinates and winds telemetered during the flight give the approximate landing position of the replicator; however, the long loran receiving antenna often twists and fails during descent, requiring a crude estimation of the landing position based on the measured wind profile. The loran dropouts will be eliminated in the future by using Global Positioning Satellite (GPS) positioning, which has the added advantage that improved coordinates can be relayed to aircraft and remote sensors when making coordinated measurements. Within 2-4 km of the landing position, the transmitter beacon can be received and tracked using radio direction-finding equipment; the beacon has an operational lifetime of several months. The retrieved instruments are generally reusable.
Microphysical data from the replicator are correlated with the radiosonde data by means of several small holes cut into the replicator film; when one of the holes encounters a contact switch that is normally held open by the film sliding between the contacts, a circuit is completed that interrupts modulation of the radiosonde carrier frequency, leaving a time stamp in the radiosonde data that corresponds to a known position on the replicator film. Correlation of the data between these known VOLUME 14
2. Examples of cloud particle replicas (a)-(d) and typical 2D-C images of small cirrus ice crystals (right side). All numbers in the 2D-C panels are inconsequential except those marked with an asterisk, which give the maximum diameter of the image to its left. The replicator images show (a) an aggregate and pristine ice crystals of various habits, (b) sublimated ice crystals from the ice-subsaturated zone near a cirrus cloud base, (c) supercooled droplets, and (d) small ice crystals from an orographic wave cloud. (a)-(c) Scanned microphotographs, and (d) directly digitized photographs subject to contrast enhancement as described in section 4. points can be accurately calculated because a regulated voltage drives the motor at a nearly constant speed, even over the wide temperature range encountered.
Cloud particles collected at a given point on the film represent an average of cloud properties sampled over a vertical distance in cloud that is given by the time required for that point to traverse the length of the sample opening. Given a typical ascent rate of 5 m s Ϫ1 and film speed of 0.1 cm s Ϫ1 , the vertically averaged distances in cloud for typical sample opening widths of 15 and 35 mm are 75 and 175 m, respectively; the corresponding sample volumes for an area defined by the sample opening are 39 L (2.6 L s Ϫ1 ) and 214 L (6.1 L s Ϫ1 ).
Although the replicator specifications given in Fig. 1 fall within the general Federal Aviation Administration guidelines for balloon-borne packages (weight less than 6 lb and mass-to-area ratio less than 3 oz in.
Ϫ2 ), concerns about aircraft safety have motivated the development of a new design. The new prototype replicator has a frame composed of acrylic, minimizes metal components, has a mass of 1.6 kg (including radiosonde, parachute, and transmitter beacon), and dimensions of 51 cm ϫ 17 cm ϫ 5 cm. Its specific design is being modified further to increase the collection efficiency, based on the design criteria summarized in section 6.
Qualitative characteristics of the replicator data
The resolution and general character of replicator data are illustrated in Fig. 2 and compared with typical 2D-C aircraft data of small cirrus ice crystals. The resolution of 2D-C data is typically 25 m and its detection threshold is typically 50 m; thus, the droplets and small ice crystals in Figs. 2c and 2d would not be detected by a 2D-C probe. Furthermore, both particle sizing and probe sample volume (and hence particle concentrations) from the 2D-C are highly uncertain for particle sizes less than or equal to 100 m (Heymsfield and Baumgardner 1985) . Ice crystal habits are clearly discernible in the replicator data, whereas the habits of particles less than approximately 200 m measured by the 2D-C are usually ambiguous to ascertain even visually, leading to substantial uncertainty in habit determination by automated algorithms and consequently to uncertainty in estimates of ice water content.
Replication can preserve the surface structure of ice crystals, such as the hollows in the columnar crystals in Fig. 2a . In contrast to direct particle collection or replication techniques from aircraft, crystal breakup upon impact with the film is rare in the replicator data even for large and delicate rosette crystals, due to the slow ascent speed. The length of the sample opening is generally chosen on the basis of ice crystal concentrations typical of cirrus (order 10-100 L Ϫ1 ), and droplet concentrations exceeding about 1 cm Ϫ3 lead to droplet coalescence; at very high droplet concentrations (k1 cm Ϫ3 ) coalescence is extreme and the replication process fails entirely.
The utility of vertical profiles of high-resolution microphysical data is illustrated in Fig. 3 , which shows the variability in the vertical of detailed ice crystal characteristics typical in a cirrus cloud, and their relation to the RH measured by a balloon-borne cryogenic hygrometer (Oltmans and Hofmann 1995) . Detailed ice crystal characteristics from replicator data have previously been used in combination with aircraft measurements of RH to develop a three-layer model of the development and microphysical structure of cirrus clouds and to validate a retrieval scheme for cirrus microphysical properties from satellite radiance measurements (Ou et al. 1995) .
Replicator data processing
The replicator film is imaged through a microscope using a digitizing video camera, and images are captured by a Macintosh computer with a 640 pixel ϫ 480 pixel framegrabber card. An imaging resolution of 3.4 m is typically used when the data contain large ice crystals, and a resolution of 1.4 m is used to image droplets or small ice crystals. The images are processed using a software package called IMAGE, developed by the National Institute of Health (NIH). NIH IMAGE identifies and counts particles (Fig. 4) , then measures each particle's maximum diameter, cross-sectional area, perimeter, and aspect ratio. Quantitative data analysis generally involves the combined interpretation of numerous images that are in close proximity on the replicator film, to improve the counting statistics of the sample.
Two ''cutoff criteria'' are used to eliminate ''noise'' (i.e., nonparticles): a cutoff based on the cross-sectional area is typically chosen to be 25 or 45 pixels, and a cutoff based on particle diameter that is typically 10 m. Noise arises primarily from dust and air bubble contamination during the film precoating process, from replication of contaminants (dust, etc.) during flight, from blushing, and possibly from degradation of the precoated film during storage (although three-year-old coated film has been used successfully). The size distribution of the noise can vary considerably between cases but is usually less than 10 m and peaks at about 5 m. Since the smallest collectable particles are observed to be about 10 m, the size distributions of noise and data overlap very little, and the data are amenable VOLUME 14 to semiautomated processing using the two cutoff criteria. The processing technique allows for manual rejection of larger noise prior to binning of the data into size distributions. Manual processing is also used to split overlapping particles, as occurred in numerous instances in Fig. 4a because the droplet concentrations were relatively high (note also that in Fig. 4b particle number 3 would be split). The degree of manual processing ranges from essentially none to extensive, depending on the quality of a particular dataset, the accuracy required for a given study, and the occurrence of overlapping particles when the concentrations are high.
Bulk cloud properties such as ice water content or optical depth are derived from particle size and habit distributions using existing algorithms for processing 2D-C data (Heymsfield 1977) , where habit is inferred from the maximum particle diameter and the particle ''area ratio'' (the ratio of particle cross-sectional area to the area of a circle having the particle's maximum diameter, an indication of its bulk density and habit). Although visual inspection has been used to classify habits from replicator data manually, the high resolution of the data and the capabilities of NIH IMAGE may facilitate improved automatic determinations of habit from such quantities as the ratio of perimeter to diameter, or perimeter to cross-sectional area.
Collection efficiency analysis
The E c is the size-dependent fraction of the upstream particle concentration that impacts on the collector rather than being carried around the collector by the airstream. Particles in an airstream forced to flow around some object (a ''collector'') will not follow the streamlines of air motion precisely; their inertia will carry them across streamlines to possibly impact on the collector. In general, the E c decreases with decreasing particle size because smaller particles with less inertia are more effectively carried around a collector by the airflow than are larger particles. The E c depends primarily upon the particle size D, the particle bulk density (which is related to the habit), the wind speed or ascent rate v, the temperature T (through its effect on the air viscosity), and on the particular flow field that results from the geometry of the collector. The E c for the replicator, as illustrated schematically in Fig. 5 , is the cross-sec-
Schematic illustration of the modeling technique used to compute the replicator collection efficiency, showing a portion of the length of the replicator box, the sample opening that reveals the sampling area on the film (A 2 ), and the grid of particles started at the upstream end of the model domain; also shown is the area of the upstream particles that are collected on the film (A 1 ). The view is parallel to the wind direction, and lines are drawn to indicate that particles are actually started in front of the sample opening rather than offset as shown. The element of area (A i ) represented by each droplet is the product of the droplet spacing in each dimension (⌬y and ⌬z).
tional area of the upstream region within which particles impact on the film (A 1 ), divided by the area of the collecting surface (A 2 ):
For a given , v, and T, the E c for the replicator relates the measured size distribution, n m (D), to the ''true'' size distribution in the atmosphere, n t (D):
In this section, a numerical model is used to determine the flow field and the E c of the replicator. The results are assessed using wind tunnel measurements, and uncertainties are discussed. LTD, 2 to calculate the velocity, pressure fields, and particle trajectories for a simulated replicator. STAR-CD is a powerful commercial model that has been applied to such problems as the design of aircraft wings and automobile intake manifolds. STAR-CD is capable of solving the Navier-Stokes equations, including a turbulence term, for arbitrary geometries and computational meshes. The simulation portrays the replicator box with its sample opening (3.5-cm length by 4.0-cm width) and ventilation opening (4.0 cm ϫ 4.0 cm), the 35-mm film (including approximations of the holes at the edges), and the basic structure of the replicator frame (though not in precise detail, and with dimensions accurate to Ϯ0.25 cm; see Fig. 1 for reference) . The model domain was of length 0.99 m along the wind direction and cross section 1.11 m ϫ 0.72 m, consisting of 180 000 cubic cells with edge dimensions ranging from 3 cm far from the replicator where the flow characteristics change slowly to 0.125 cm near the sample opening and film. The upstream turbulence boundary condition was specified by a turbulence intensity of 3% (15 cm s Ϫ1 ) and a mixing length of 20 cm, for consistency with estimates of the turbulence characteristics in wind tunnel measurements to be discussed shortly; sensitivity tests with the model showed that the E c was very insensitive to the choice of turbulence boundary conditions, probably because the ambient turbulence was masked by turbulence generated as the air flowed around and through the replicator. A steady-state flow field was calculated for a wind speed of 5 m s Ϫ1 , an overview of which is given in Fig. 6 .
The E c was calculated from Eq. (1) by following the trajectories of a two-dimensional grid of particles released upstream in the steady-state flow field, where trajectories were calculated from the momentum equation for the particles. The particles were tracked until they either struck the replicator film within the sampling area (A 2 in Fig. 5 ), they struck another surface, or they exited the model domain downstream, from which the cross-sectional area of particles collected (A 1 in Fig. 5 ) was determined.
The steady-state velocity field and trajectories of a 10 ϫ 10 grid of 30-m droplets are shown near the sample opening and film in Fig. 7 , as seen from the two directions perpendicular to the upstream airflow. Analysis of particle sizes in the range 5-300 m shows that the motion of small particles (Շ50 m) is very sensitive and responsive to the local velocity field near the sample opening and the film; it can be seen that 30-m droplets experience a substantial ''suction effect'' that draws them into the interior of the replicator (Fig. 7b) . Larger particles, by virtue of their inertia, follow straighter trajectories. Substantial air motion along the direction of VOLUME 14
6. Steady-state velocity field from the numerical model in the vicinity of the replicator, showing cross-sectional views through the center of the sample opening in the two directions perpendicular to the upstream airflow. Not all aspects of the replicator frame represented in the model can be seen in these views. Replicator dimensions are true size, as given in Fig. 1. the film (Fig. 7a, right side) tends to carry particles, particularly sizes smaller than 25 m, beyond the ''sample area'' defined by the length of the sample opening and width of the film. Particles that impact the film outside the sample area are not considered to be replicated and are not included in the E c calculations because on one side of the sample area solvent has not yet been released, and on the other side of the sample area the precise distance over which the Formvar is still soft enough to replicate particles is poorly known. (The drying time of the Formvar will be discussed in section 5b.) Note that particles are not collected symmetrically around the center of the sample area (Figs. 7d and 7b) ; this is partially because the sample opening is located off-center of the stagnation point on the replicator box (see Fig. 5 ), resulting in an incident airstream that is not precisely normal to the sample opening or the film.
The validity of the flow field determined by STAR-CD was assessed by comparing profiles of the static pressure upstream of the film from the model results with analogous pressure profiles measured upstream of a replicator placed in the NCAR Atmospheric Technology Division wind tunnel. A propeller anemometer and a small pitot-static tube with a precision differential pressure sensor were used to acquire 20-Hz measurements of wind speed and static pressure (relative to ambient static pressure). The wind speed and static pressure for each data point along a profile upstream from the replicator film was calculated from 100 measurements acquired in rapid succession over a 5 s period. Fluctuations in the wind speed produced by the wind tunnel fan were noted on several timescales, including oscillations on a timescale of order 5 s that sometimes exceeded 0.25 m s Ϫ1 and produced fluctuations in the static pressure greater than 1 Pa. The wind speed and static pressure fluctuations were well correlated (i.e., these pressure fluctuations did not result from turbulence), and a linear regression was used to correct all pressure measurements to values corresponding to a reference wind speed of 5.0 m s Ϫ1 ; spread in the corrected pressure measurements about the pressure versus wind speed regression line was generally less than 0.2 Pa. The repeatability of pressure measurements at a given position was also about 0.2 Pa. The overall uncertainty in the pressure measurements-resulting from day-to-day variations in the air density, from a 0.05 m s Ϫ1 uncertainty in the wind speed measurement (corresponding to a 0.3-0.4-Pa uncertainty in the pressure measurement), and from several details of the experimental setup-is estimated to be about 1.0 Pa.
Three pressure profiles from the model are compared with analogous pressure profiles from the wind tunnel measurements in Fig. 8 . The profiles show a discrepancy of about 1.0 Pa at the upstream edge of the plots, which probably results from an insufficient model domain size in the upstream direction (the model domain begins at X ϭ 0); also, the 0.5-cm horizontal offset between the model and measurement curves in the region X ϭ 0.45-0.52 m in Fig. 8b indicates the combined uncertainty in the position measurement made in the wind tunnel and the imprecise representation of the detailed replicator structure in the model. The profiles agree within the uncertainty in the wind tunnel measurements, giving confidence that the modeled flow field and particle trajectories are realistic. Three distinct regions seen in Fig.  8a give insight into the particle trajectories seen in decreases to a minimum, accelerating air into the box and producing the ''suction effect'' seen in Fig. 7 , where the low pressure in the interior likely results from the large ventilation opening to the low-pressure wake behind the box; and 3) near the film back pressure builds as the air is forced either around the film or along the film. Figure 9 shows the E c for both droplets and ice crystals (spheres with bulk density ), as computed from model runs of 900 particles in a 30 ϫ 30 grid started at X ϭ 0. The grid was large enough to ensure that particles on the outside border of the grid were not collected within the sample area (A 2 ) but went around the film or impacted on the replicator box, allowing the area A 1 in Fig. 5 and Eq. (1) to be completely defined. Two sample areas are considered in Fig. 9a ; the solid curve considers only droplets collected on the typical ''imaging area'' (the smooth area between the sprocket holes at the edges of the film; see Fig. 5 ), and the dashed curve considers the entire width of the film, except of course the holes themselves.
The E c shown in Fig. 9a increases rapidly from about 11% for 20-m droplets (6% considering just the imaging area) to 59% for 40-m droplets, then is nearly constant up to 75 m. Droplet sizes smaller than 20 m are collected only at the edges of the film (dashed vs solid curves); this collection of small particles only at the edges of the film has been observed in the replicator VOLUME data. Collected particles are not evenly distributed across the width of the film; thus, this E c represents an average over the appropriate sample area (solid or dashed curve) and therefore requires imaging and analysis across the entire width of the film. The detection threshold of the replicator, where the E c drops to zero, is less than 5 m for droplets, consistent with the smallest droplets observed in the data, about 7 m. (The conspicuously constant E c in the size range 40-75 m will be addressed in the following section.) Figure 9b shows the dependence of the E c on particle bulk density, where ϭ 0.7 g cm Ϫ3 is appropriate for relatively compact ice crystals smaller than about 100 m, and ϭ 0.5 or 0.3 g cm Ϫ3 is appropriate for larger ice crystals with more elongated or spatial crystal habits (e.g., columns, rosettes, or hexagonal plates). The correlation between ice crystal habits and spheres with some assumed bulk density is not strictly valid, in part because the particle trajectories calculated in the model assumed a drag coefficient corresponding to spheres. The general trends in the E c curves for ice crystals are similar to those seen for droplets: a low E c with enhanced collection at the edges of the film for particle sizes smaller than 20-30 m, a rapid increase in E c to about 60% at 50-75 m that remains relatively constant up to about 100 m, then a slow increase in E c to almost 90% at 300 m for Ն 0.5 g cm Ϫ3 (75% for ϭ 0.3 g cm Ϫ3 )
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. Analysis of particle trajectories shows that, as a result of airflow in the direction parallel to the film, a substantial number of droplets smaller than 30 m or ice crystals smaller than 50 m impact the film outside the defined sample area (more so for successively smaller sizes).
Replicator measurements of a droplet size distribution made near the base of a stratocumulus cloud (Fig. 10) , corrected for collection efficiency, provide an observational means of validating the general features of the E c determined by the numerical model. The actual concentrations are not relevant here, because the data were necessarily taken from a region where total droplet concentrations were atypically low, to avoid the effects of droplet coalescence on the size distribution. The abrupt cutoff at 16-18 m where the concentration decreases by more than an order of magnitude represents the size where the E c decreases nearly to zero and compares favorably with the value of 19 m from Fig. 9a . The decreasing concentrations seen in the measured spectrum for sizes smaller than the peak at 25 m is consistent with the rapid decrease in the E c in this size range. The mean diameter decreases from 23.7 to 20.9 m upon applying the E c correction. Aircraft measurements made 6 h earlier in this same cloud by an optical forward-scattering spectrometer probe (FSSP) showed that, throughout the flight, minimum droplet sizes were no larger than 6 m, peak concentrations were at sizes 16 m and smaller, and mean droplet diameters were nearly always in the range 7-20 m and were usually in the range 8-15 m, typical of nonprecipitating stratocumulus clouds. Overall, the diameter of the peak concentration, the mean diameter, and the abrupt cutoff in the measured spectrum seem realistic and consistent with the E c given by the numerical model, and the E c correction properly adjusts these properties toward greater consistency with the FSSP measurements.
b. Discussion of uncertainties
The uncertainty in estimates of the ambient size distribution n t (D) arises primarily from three sources: 1) random statistical sampling uncertainty in n m (D), given by the square root of the number of particles (N) in a given size bin; 2) uncertainty in the E c derived from the model results; and 3) uncertainty in the appropriate sample area A 2 resulting from the poorly known drying time of the Formvar.
An additional source of uncertainty is the possible pendulum-like swinging of the replicator while in flight, which alters the flow field by introducing nonnormal components of incident air motion, with an unknown effect on the E c . Unfortunately, we are no longer able to use STAR-CD to conduct sensitivity studies of the effect that angle of incidence has on the E c . Although swinging is observed to damp quickly following launch, its amplitude in the upper atmosphere is unknown. M. Murakami (1996, personal communication) found from wind tunnel experiments with the HYVIS, whose E c is similar to that of the replicator, an insensitivity to swing angles less than 15Њ. If significant swing angles exist, the E c for smaller particles is likely to be affected much more than for larger particles, by virtue of their sensitivity to the curvature of streamlines of airflow.
The fractional statistical sampling uncertainty (⌬N/ N, where ⌬N ϭ N 0.5 ) decreases with either increasing sample volume (and hence increasing N) or increasing bin width (although it would be inappropriate to use coarse binning that does not resolve the shape of the size distribution). Large random sampling uncertainties exist in the measured spectrum in Fig. 10 for sizes smaller than 16 m (as a result of the low E c ) and for sizes larger than 32 m (as a result of low concentrations in the ambient size distribution). It is particularly important to obtain an adequate sample of the large particle sizes as they dominate contributions to higher-order moments of the size distribution such as the ice water content and equivalent radar reflectivity factor. This uncertainty can be minimized by imaging and analyzing the maximum area on the replicator film, given by the sample opening, over which cloud properties have already been averaged in the collection process. One measure of the minimum total concentration detectable by the replicator is given VOLUME 14 by collection of one particle within the 214-L total sample volume, or about 0.005 L Ϫ1 (with ⌬N/N ϭ 100%). A more reasonable minimum detectable total concentration is 0.02 L Ϫ1 , corresponding to ⌬N/N ϭ 50% (i.e., four particles). As applied to the tail of a size distribution, there is a particle size D o above which the replicator will not acquire a meaningful sample, given by
The uncertainty in E c (D) that results from the degree to which the numerical model actually represents reality cannot readily be determined, although confidence in the model results was gained by the agreement between the modeled and observed pressure fields, and by consistency of a measured droplet size distribution with the general characteristics of the E c given by the model. The primary source of quantifiable uncertainty in the E c curves in Fig. 9 results from uncertainty in the crosssectional area within which particles are collected [A 1 in Eq. (1)]. As shown in Fig. 5 , each collected particle represents an element of area given by the initial particle spacing; thus, the uncertainty in A 1 (⌬A 1 ) is given approximately by a ''picture-frame-shaped'' border around the rectangle of collected particles, of width equal to half the particle spacing. This uncertainty is an overestimate, particularly for the smaller particle sizes, because the shape of the area A 1 is not a rectangle (as a result of the complexity of the flow field). The sizedependent uncertainty in E c [⌬E c (D) ϭ ⌬A 1 (D)/A 2 ] is summarized for droplets in Table 1 . The fractional uncertainty in the E c exceeds 50% for droplets 20 m and smaller, and rapidly improves to 10%-15% for larger sizes. Table 1 corresponds to particle collection over the entire width of the film, so these uncertainties apply only if the entire width of the film is imaged; if not, the data should only be used quantitatively for sizes larger than 20 m where the E c curves for the two imaging regions coincide. Note that this systematic uncertainty could be reduced by doing more model runs with a smaller initial droplet spacing, if the software and computing resources were available; however, the current level of accuracy is deemed sufficient to establish the general quantitative response of this instrument.
The temperature and pressure dependent drying time of the Formvar can influence the effective sample area A 2 ; if the time is too short, particles will not be replicated over the entire length of the sample area, and if the time is too long particles may be replicated beyond the assumed sample area (the latter possibility affects only particle sizes 30 m and smaller, as the nature of the flow field prevents larger particles from impacting beyond the sample opening). Determination of the Formvar drying time in a laboratory pressure-temperature chamber is difficult because trichloromethane is hazardous and must be ventilated. One of the authors (LMM) has observed when coating replicator film that the Formvar hardens in 10-15 s at 20ЊC and 840-mb pressure, and the other author has observed in the past that the drying time while coating film at Ϫ50ЊC is substantially longer. The drying time (or equivalently, the evaporation rate of the solvent, E s ) can be estimated as a function of temperature T and atmospheric pressure P, by noting that E s is proportional to the diffusion coefficient of the solvent in air, D s (T, P), and the vapor pressure of the solvent, P s (T): E s (T, P) ϳ D s (T, P) P s (T). The diffusion coefficient of water vapor in air (Pruppacher and Klett 1978 ) is proportional to T 1.94 P Ϫ1 , where T is in kelvins; since vapor diffusivity is inversely proportional to the molecular weight, D s (T, P) will be slower by a factor of 0.39. Relative to a value of 1.0 at ϩ10ЊC, P s (T) is 0.4 at Ϫ7ЊC, 0.1 at Ϫ30ЊC, and 0.01 at Ϫ58ЊC (Weast 1976) . From these data and dependences, a rough calculation of the evaporation rate and the drying time of Formvar is given in Table 2 , where the following assumptions have been made: 1) the Formvar drying time is inversely proportional to E s (T, P); 2) relative to P s (10ЊC), P s (20ЊC) is estimated to be 1.58 using a third-order polynomial fit to the given data (with a correlation coefficient of 1.000); 3) the conservative observed drying time at 20ЊC and 840 mb of 10 s is chosen; 4) the atmospheric pressure that corresponds to the temperature values is taken from a typical summertime midlatitude radiosonde sounding; and 5) the expression for E s (T, P) relative to its value at 20ЊC and 840 mb is given by Eq. (3), where the factor 0.39 for the molecular weight is eliminated in the ratio 
where the subscripts on T and P indicate the unit of measurement. It is apparent from Eq. (3) and Table 2 that the temperature dependence of the drying time dominates the pressure dependence, and therefore the use of a summertime sounding is somewhat of a worst case, where the Formvar will dry prior to traversing a 35-mm sample opening (in about 30 s) when the replicator is at an altitude below the 550-mb level (about 4.9 km). Two conclusions are drawn from this cursory analysis: 1) the Formvar should be capable of forming replicas over the entire sample area for all mid-and upper-tropospheric clouds under all ambient conditions, and for lower-level clouds under many conditions, particularly if a 15-mm sample opening is used when surface conditions are warm; and 2) for those conditions when the drying time is longer than the sample time (i.e., most conditions of interest), the effective sample area is larger than A 2 for particle sizes 30 m and smaller, and therefore the concentrations of these sizes, n t (D Յ 30 m), must be interpreted as upper limits. Table 3 gives an example of an uncertainty assessment applied to three of the size bins in Fig. 10 . The E ccorrected concentrations, n t (D), are stated as a ''best estimate'' value given by Eq. (2), and ''limiting values'' (maximum and minimum) reflecting the combined systematic bias in the E c and the random sampling uncertainty. It is readily apparent that the limiting values, n t,limit (D), are given by
The data in Fig. 10 were collected at Ϫ15ЊC, which Table 2 suggests is sufficient for the Formvar to replicate particles over the entire sample time; however, since these particles are smaller than 30 m, there may have been replication beyond the sample area, so the concentrations must be considered upper limits. Note that the range of uncertainty in this example is rather large, both because the particles are small (so ⌬E c /E c is large) and the sample size per bin is relatively small; uncertainties would be far less for cases involving larger ice crystals, particularly if more particles are imaged and fewer bins are used. Note also from Table 3 that the dominant contribution to the overall uncertainty can arise from either the sampling statistics or the E c .
c. Imaging strategy
The collection of particles by impaction is a sizesorting process, with small particles (especially smaller than 20 m) collected only toward the edges and larger particles more evenly distributed across the width. The E c is therefore actually a function of position on the film, and the E c curves given in Fig. 9 represent an average over the sample area A 2 and apply only if the entire width of the film is imaged and analyzed together (averaging in the direction of film motion is not required because a given point is exposed to the full length of the sample opening during flight).
Figures 11a and 11b summarize the number of 15-and 50-m droplets from the model runs that impacted within the sampling area as a function of position, in a 7 ϫ 7 element array of 0.5 cm ϫ 0.5 cm bins. The numbers in boldface represent the fraction of droplets collected in each row (right side) or column (bottom) relative to the number expected if all collected droplets were evenly distributed over the sample area (F e , where 1.10 means 10% more droplets were collected at that position than if all droplets were evenly distributed); Fig. 11c shows F e (D, z) graphically for the dimension across the width of the film. If the film is not imaged across its full width, droplet concentrations must be divided by the ''local enhancement factor'' F e (D, z) at each imaging position. Although it is generally advisable to image across the full width in order to decrease the statistical sampling uncertainty, Fig. 11 suggests it may be useful for particle sizes smaller than 20 m to only image the edges of the film, then apply the correction F e (D, z). The following additional observations arise from scrutiny of Fig. 11: R The asymmetric patterns in the spatial distribution of collected particles verifies that the flow field is complicated and use of theoretical descriptions of the E c based on simplified flow fields and collector shapes are not appropriate for the replicator. R A portion of the asymmetry in the distribution of collected particles smaller than 100 m results from the sample opening being off center from the stagnation point on the surface of the box, leading to components of incident air motion directed toward the top and left side of the sample area, and producing a ''shadow effect'' where droplets in the size range 40-100 m are not collected toward the end of the sample area (bottom row of zeros in Fig. 11b ). The suction effect carries droplets smaller than 40 m onto this region of the film (see Fig. 7 ), and the greater inertia of droplets larger than 100 m reduces the effect of the VOLUME 14
The spatial distribution of the number of droplets from the numerical model runs that impacted within the 3.5 cm ϫ 3.5 cm sample area on the replicator film, shown as a function of position on the film in 0.5 cm ϫ 0.5 cm bins, for the indicated droplet sizes. The direction of film motion is top to bottom. Numbers in bold at the right (or bottom) in each panel give F e , the total number of droplets summed across the width (or along the length) of the film divided by the number of droplets expected in that row (or column) if all collected droplets were evenly distributed over the sample area. Here, F e corresponds to the spatial density of droplets collected in a given row or column relative to the average spatial density of all droplets collected. (c) Here, F e is plotted as a function of position across the width of the film (z) for the indicated droplet sizes, equivalent to plotting the bottom row of bold numbers in (a) and (b).
nonnormal components of airflow on their motions. This interaction of particle inertia with the complicated flow field gives rise to the conspicuously constant E c in size range 40-100 m seen in Fig. 9 . R A significant number of particles 30 m and smaller impact outside the sample area (not shown), suggesting that the E c may not decrease as rapidly in this size range if airflow parallel to the direction of film motion is restricted by an airflow guide (although this might not be the case if an airflow guide also reduces the suction effect).
d. Dependences of the E c on environmental conditions and replicator design
It is desirable to know the sensitivity of E c to parameters such as the particle bulk density, the temperature, the wind speed, the width of the replicator film, and the dimensions of the sample opening. Lacking the computational power required for making numerous model runs, a qualitative idea of the sensitivity of the E c to these parameters can be explored using a theoretical treatment (e.g., Ranz and Wong 1952) . These theoretical curves are shown in Fig. 12 , with E c for the replicator from Fig. 9 shown for reference. Figure 12a shows the dependence of the theoretical E c (henceforth E c,t ) on the width of the film. The E c for the replicator (henceforth E c,r ) in the size range 20-40 m appears equivalent to that of an infinite ribbon having a width somewhere between 35 and 85 mm, the E c,r for droplet sizes 20 m and smaller is enhanced by the suction effect, and the E c,r for droplet sizes of at least 40 m is decreased by the shadow effect. Figures 12b  and 12c show the dependence of E c,t on particle bulk density, temperature, and ascent rate. Similar dependences are not necessarily expected for the more complicated replicator geometry and flow field, at least not for all particle sizes. However, the E c,t curves suggest from general principles the likelihood that the E c,r may be improved by increasing the balloon ascent rate and decreasing the width of the film. Marple and Willeke (1976, their Fig. 3 ) presented numerical results of the dependence of the E c on the dimensions of inlet openings for inertial impactors, which gives insight into generalizing the E c derived in this paper for modified characteristics of the sample opening. They computed E c curves for an inlet characterized by the length of the opening (L), the thickness of the opening (T, currently equal to the thickness of the replicator box), and the distance between the inlet and the surface of the collector (S); they also computed curves giving the dependence of E c on the Reynolds number of the flow, a function of the opening width, air velocity, and kinematic air viscosity. Although spe-
M I L O S H E V I C H A N D H E Y M S F I E L D
FIG. 12. Theoretical collection efficiency curves for particles incident on an infinite ribbon calculated from the approach of Ranz and Wong (1952) , showing the sensitivity of E c to the width (mm) of the ribbon (a), to particle bulk density (g cm cific examples of these dependences as applied to the replicator are not calculated here, the following trends are useful as design considerations for the replicator inlet geometry and for adjusting the E c results presented in this paper for different sample opening lengths. The E c and detection threshold are shown to be improved by 1) decreasing the ratio S/L, 2) increasing the ratio T/ L (perhaps by using an airflow guide in the inlet), and 3) increasing the Reynolds number (e.g., by increasing L or the ascent rate).
Conclusions
This paper describes a balloon-borne continuous Formvar replicator that measures vertical profiles of detailed cloud microphysical properties. The instrument provides microphysical data with very high resolution, allowing accurate determination of ice crystal habits, and collection of particles down to sizes smaller than 10 m. The collection efficiency of the replicator, as determined by numerical modeling, seems sufficiently consistent with wind tunnel and in situ measurements to apply to measured size distributions over the entire range of collectable sizes, provided that the imaged data are averaged and analyzed over the full width of the replicator film. An uncertainty assessment technique was described that accounts for random statistical sampling uncertainty, uncertainty in the E c determined by the numerical model, and the variable drying time of the Formvar.
Although the E c derived in this study is specific to a particular instrument, a methodology has been described that has wider application to other impactor-type instruments. The flow field and particle trajectories in the vicinity of the replicator were found to be complex, such that the resulting E c was very different from that predicted by a theoretical approach based on approximations of the flow around simple geometrical shapes. Thus, the commonly used theoretical approach is not appropriate for the replicator, and the need for detailed calculations of the E c on a case-by-case basis is suggested for impactor-type instruments that contain a sample opening if quantitative accuracy is required, particularly for small particle sizes. The numerical modeling and theoretical sensitivity studies presented in this paper also suggest several general design criteria for developing particle impactors with a sample opening.
R The box width should be minimized to decrease divergence of the upstream airflow. R The replicator frame should minimally obstruct airflow perpendicular to the direction of film motion within the sample area and should be symmetric to
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promote an even distribution of particles across the film. R The sample opening should be located in the center of the box to promote a more even distribution of particles across the film and to increase the E c in the size range 40-100 m by eliminating ''shadow regions'' where no particles are collected. R A fan in the ventilation opening may enhance the natural suction effect that improves the collection of small particles. R From general principles, the E c could be improved by decreasing the width of the film, by minimizing the distance from the sample opening to the film, and by increasing the thickness of the opening, perhaps by adding an airflow guide. An airflow guide would also inhibit airflow parallel to the film, which would better define the sample area.
